Direct-Write techniques have the potential to revolutionize the way miniature sensor devices and microbattery systems are designed and fabricated. The Naval Research Laboratory has developed an advanced laser-based forward transfer process for direct writing novel structures and devices comprising of metals, ceramics, polymers and composites under ambient conditions on both ceramic and plastic substrates. Using this forward transfer technique, we have demonstrated the ability to rapidly prototype various types of physical and chemical sensor devices, and microbatteries. The laser forward transfer process is computer controlled which allows the design of the devices to be easily modified and adapted to any specific application. Furthermore, the same process enables the fabrication of complete sensor or power-source systems by incorporating the passive electronic components required for sensor readout or power management. Examples are provided of various types of miniature sensors, and prototype alkaline and Li-ion microbatteries fabricated using this technique.
Introduction
Current trends for developing advanced electronic and sensor systems place emphasis in achieving performance levels generally associated with integrated circuits. This requires further miniaturization, while enhancing the functionality and reliability of existing components. It also requires new strategies to eliminate the long lead times required for the fabrication of prototypes and evaluation of new materials and designs. In particular, for sensor and micro-power sources development, the trend is toward the fabrication of micron-scale devices which can be incorporated into any type of platform)' Direct-write techniques, which do not require photolithographic processing steps, provide an alternative for the development and fabrication ofthe above described systems. Direct-write technologies do not compete with photolithography for size and scale, but rather complement it in specific applications requiring rapid turnaround and/or pattern iteration, conformal patterning, or for modeling difficult circuits.' Examples of direct-write technologies for fabricating or modifying metallic interconnects and/or other electronic passive elements include ink jet printing,2 direct-write of ceramic slurries (Micropen©),3 laser trimming4 and laser chemical vapor deposition (LCVD). 5 However, none of the above techniques is capable of operating in air and at room temperature while maintaining sub-10-jim resolution and without requiring ex situ processing. Furthermore, more than one technique must be used to deposit and process the range of materials employed for the fabrication electronic, sensor and power generation devices.
Over the past decade, various laser-based direct-write techniques The transfers are performed by mixing the active, or sensitive material in a UV-absorbent matrix to form an "ink". The ink is then applied to the UV-transparent support to form the "ribbon" as shown in Figure 1 . A focused UV laser pulse is directed through the backside of the ribbon so that the laser energy interacts with the matrix at the support interface. The UV microscope objective that focuses the laser at the interface also serves as an optical guide to determine the region of the ribbon to be The lithium-ion electrodes were fabricated onto separate substrates as pads 3 mm x 3 mm x 4Ojim thick. Lithium cobalt oxide was transferred onto aluminum substrates while the carbon electrode was transferred onto a copper substrate. After transfer, the electrodes were dried in a vacuum oven for 12 hours at 1 10 °C. The electrodes were then submerged in a 1 M LiClO/propylene carbonate electrolyte solution for 12 hours prior to their electrochemical evaluation. Half-cell measurements for determining the charging and discharging characteristics were performed at a 12-hour rate in free electrolyte versus a LiJLi reference electrode and lithium counter electrode.
Chronopotentiometry of the zincfMnO2 alkaline microbatteries and lithium-ion electrodes was performed using an EG&G PAR 263 potentiostat driven with M270 software. The thickness of both the ink ribbons and the dried pads were determined via sylus profilometry (Tencor P 10).
Results and Discussion

Temperature and Strain Sensors
Using MAPLE DW, we have demonstrated a simple temperature sensor on a polyimide substrate. A silver serpentine line about 10 cm long, occupying a 5 mm x 5 mm area and with a resistance of about 93 ohms was made by MAPLE DW as shown in Figure 2 (a). The response of the MAPLE DW temperature sensor to a heat pulse from a heat gun mirrored that of an adjacent thermocouple and it is shown in Figure 2 
Chemiresistor Gas Sensor
By using dispersions of conductive materials such as carbon and non-conductive chemoselective polymers, gas sensors based on conductimetric techniques'5"6 can be fabricated. In the correct ratio, the polymer/carbon composite becomes conductive and its resistance will change when exposed to different vapors, as shown schematically in Figure 3 
Alkaline Microbatteries
An schematic showing the cross-section of the MAPLE DW stacked alkaline microbattery is shown in Figure 6 (a). It should be pointed out that none of the alkaline microbatteries fabricated for this work were packaged and thus the KOH electrolyte solution would evaporate with time. Figure 7 shows the discharge and charge characteristics of a zinc/Mn02 alkaline microbattery. The specific energy of these batteries is approximately ten times lower than expected, due to the high resistance of the ethyl cellulose/Nafion® separator. Despite this, one of the zinc/Mn02 alkaline microbatteries was connected to a digital watch and was able to power it for over 10 minutes as shown in Figure 8 .
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4.4
Li-ion Microbatteries The laser transferred lithium-ion electrodes show favorable charge and discharge characteristics on early cycles as shown on Figure 9 . Figure 9 (a) depicts the 4th cycle of charging a lithium cobalt oxide cathode and superimposed on the same figure is its discharge behavior. The electrode was successfully cycled between 4.18 V and 3 V and exhibited near theoretical capacity.'7 The 6th cycle of the carbon anode charge (to 50 mV) and discharge (to 1 V) is shown in Figure 9 (b). Although the efficiency of the carbon anode is not as high as that of the lithium cobalt oxide cathode, it shows satisfactory performance at early cycles before break-in is complete. It is important to note that near theoretical charging capacities were obtained. A prototype Li-ion microbattery was assembled in a dry environment by placing a lithium gel electrolyte between the electrodes and then pressing them together. The
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